This project sampled throughout Phacelia using the internal transcribed spacer region (ITS-1, ITS-2, and 5.8S gene) of nuclear ribosomal DNA (nrITS) and the chloroplast DNA gene (ndhF) to infer phylogenies for nuclear and plastid partitions. Nuclear and plastid partitions were incongruent in our analyses. Phylogenetic analyses (maximum parsimony, maximum likelihood, and Bayesian inference) recovered gene tree topologies similar to previous molecular studies. We corroborate incongruence between nuclear and plastid topologies for placement of some problematic groups (e.g., Draperia, Romanzoffia and ''core'' Phacelia subg. Pulchellae, Phacelia sect. Baretiana). Combined analyses resulted in better resolution than separate analyses, and in a topology that favored the separate plastid topologies. Romanzoffia was sister to a monophyletic Phacelia in the combined analyses. Our results support combining incongruent partitions in a combined analysis to seek support for internal nodes. Maximum likelihood analyses were used to infer ancestral chromosome numbers and identify gains, losses, polyploid doubling, and whole genome duplication events from published chromosome counts in the genus. The predicted base number for the genus was x 5 9, x 5 11, or x 5 12.
Phacelia Juss. is the largest genus (207 spp.) in Hydrophylloideae (Boraginaceae). The majority of species (176 spp.) are distributed in western North America and an additional 16 species occur into Central America, with an amphitropical disjunct group of nine species in southwestern South America. The center of diversity for the genus is the California Floristic Province (CFP); a third of described taxa occur within the CFP (ca. 70 spp., 40 spp. endemic) and ca. 90 spp. occur within the political boundaries of the state (Raven and Axelrod 1978; Patterson et al. 2012) . In California, 33 taxa in Phacelia are ranked in the California Native Plant Society Rare and Endangered Plant Inventory (CNPS 2011) . These include one of three federally endangered taxa (P. insularis Munz var. insularis) and one candidate taxon considered for federal protection (P. stellaris Brand) (U.S. Department of the Interior, Fish and Wildlife Service 1978 , 1997 . Thus, Phacelia is one of ten largest genera and Boraginaceae one of ten largest flowering plant families occurring in the CFP and in California (Beard et al. 2000; Baldwin et al. 2012) . Phacelia, as the largest and most diverse genus in Hydrophylloideae, is often used as an example of the diversity of the California flora (Stebbins and Major 1965; Raven and Axelrod 1978; Ackerly 2009; Kraft et al. 2010) . However, research regarding evolution and diversification in the genus and its significance in the California flora has been limited due to the lack of a wellresolved, broadly sampled molecular phylogeny with congruent nuclear and plastid partitions.
RECENT MOLECULAR STUDIES
Relationships of major lineages in Phacelia have been previously studied using molecular phylogenetic methods. Gilbert et al. (2005) combined thesis work in Phacelia sect. Euglypta S. Watson by Dempcy (1996) and in Phacelia sect. Miltitzia (A. de Candolle) J. T. Howell by Ganong (2002) , along with sequences from dissertation work by Ferguson (1998) , to publish an nrITS partition of 51 taxa (84 accessions) in Phacelia. Gilbert et al. (2005) recovered Romanzoffia Cham. sister to a monophyletic Phacelia and recovered a monophyletic Phacelia subg. Microgenetes (A. de Candolle) A. Gray that included a paraphyletic Phacelia sect. Euglypta and a paraphyletic Phacelia sect. Miltitzia.
MADROÑ O, Vol. 61, No. 1, pp. 16-47, 2014 Hansen et al. (2009 published an nrITS partition of 56 taxa (91 accessions) and a rpl16 intron partition of 22 taxa (37 accessions) for Phacelia sect. Gymnobytha (A. de Candolle) Benth. & Hook.f. and Phacelia sect. Whitlavia (Harv.) Benth. & Hook.f. Hansen et al. (2009) recovered Romanzoffia sister to a monophyletic Phacelia and recovered a paraphyletic Phacelia sect. Whitlavia in the separate nuclear partition. Phacelia was paraphyletic in the separate plastid partition. Both Phacelia sect. Euglypta and Phacelia subg. Pulchellae (Rydb.) Walden & Patt. were recovered as basal lineages with Romanzoffia nested within the genus. The combined nrITS and rpl16 intron analysis recovered Romanzoffia sister to a monophyletic Phacelia and monophyletic infrageneric sections (Hansen et al. 2009 ). Ferguson (1998 Ferguson ( [1999 ) included 19 taxa (19 accessions) of Phacelia within a larger analysis of Hydrophylloideae for ndhF, recovering a paraphyletic Phacelia. Phacelia subg. Pulchellae was sister to a nested Romanzoffia and remaining sampled Phacelia.
Collectively, researchers have published 124 accessions within Phacelia using the internal transcribed spacer region (ITS-1, ITS-2, and 5.8S gene) of nuclear ribosomal DNA (nrITS), published 20 accessions for the chloroplast (cpDNA) gene ndhF, and published 37 accessions for the chloroplast (cpDNA) marker rpl16 intron (Ferguson 1998 (Ferguson [1999 ; Olmstead et al. 2000; Gilbert et al. 2005; Hansen et al. 2009; Glass and Levy 2011) . We combined previously published nrITS sequences with thesis work in Phacelia sect. Glandulosae (Rydb.) Walden & R. Patt. and Phacelia sect. Ramosissimae (Rydb) Walden & R. Patt. of Garrison (2007) in an expanded nuclear phylogeny to infer inter-and infraspecific evolutionary relationships in Phacelia. We combined previously published ndhF sequences with thesis work in Phacelia of Walden (2010) in an expanded cpDNA phylogeny to infer infrageneric relationships in the genus.
Previous molecular phylogenetic studies in Phacelia and Hydrophylloideae have identified significant phylogenetic incongruence between nuclear and plastid partitions (Ferguson 1998; Moore and Jansen 2006; Hansen et al. 2009; Weeks et al. 2010; Nazaire and Hufford 2012; Taylor 2012) . For an extensive discussion on incongruence between nuclear (nrITS) and plastid (ndhF) partitions in Phacelia and Hydrophylloideae see Ferguson (1998) . When tests for homogeneity between partitions (e.g., incongruence length test [Farris et al. 1995] ) reject the null hypothesis, a combined analysis is inappropriate and partitions are analyzed separately using the conditional combination approach (Bull et al. 1993; Huelsenbeck et al. 1996) . Some researchers combine incongruent partitions using simultaneous analyses, arguing that these combined analyses provide greater resolution than separate analyses of incongruent partitions (Nixon and Carpenter 2005) . Our goal was to determine if increased sampling for a respective molecular marker (nrITS, ndhF) within Phacelia recovered similar gene tree topologies to previous studies for separate analyses of partitions, to compare nuclear and plastid partitions for character homogeneity and combinability (Cunningham 1997) , and to determine if simultaneous analyses provided enhanced resolution for a reduced subset of samples for which both nrITS and ndhF sequences were available.
CHROMOSOME EVOLUTION
Phacelia occupies a range of habitats and exhibits a variety of life history traits and ecological adaptations. Species differences have been traditionally based on morphological (e.g., seed shape and number) and cytological characters (e.g., chromosome numbers), and less so on ecological factors (e.g., edaphic factors). These characters have been used to diagnose infra-and interspecific taxa, and to delimit infrageneric groups within the genus (for a review and current infrageneric classification in Phacelia, see Walden and Patterson [2012] ). Both Constance's (1963) and Gillett's (1968) classifications were based largely upon chromosome numbers, drawing upon Constance's extensive collaborations into chromosome number differences in Hydrophyllaceae with Marion Cave (see Cave and Constance [1942 , 1944 , 1947 , 1950 , 1959 ). Phacelia benefits from published chromosome counts for approximately two thirds of the genus, ranging from n 5 5 (P. dubia [L.] Trel. & Small, P. maculata Wood) to n 5 33 (P. hastata Douglas ex Lehm. var. compacta [Greene ex Brand] Cronquist, P. leptosepala Rydb.) (Cave and Constance 1947, 1950; . Constance (1963); Heckard (1963), and Gillett (1968) hypothesized that n 511 was the ancestral condition for the genus and noted it was also the most common haploid count for extant taxa. Hypotheses proposed for the base number for the genus have not been tested in a broad phylogenetic context. Previous studies considering evolution of chromosome numbers in a molecular context in Phacelia include mapping of chromosome numbers to nrITS tree topologies by Gilbert et al. (2005) and to ndhF sequence data using maximum parsimony by Walden (2010) . Reconstructing ancestral states using a maximum parsimony approach without an explicit framework (e.g., biosystematic studies of chromosomal rearrangements across the genus) allows only for coding with a categorical character matrix using the unordered states assumption in Mesquite version 2.74 (Maddison and Maddison 2010), regardless of whether a transition represents an increasing or decreasing dysploidy event or a doubling polyploid event (Mayrose et al. 2010) . Although the maximum parsimony approach has real merit, the unordered states assumption option offers little resolution for this dataset at the present time. We were interested in determining the ancestral base number for Phacelia to better understand patterns of chromosome evolution within infrageneric groups and within the genus using a maximum likelihood approach (Mayrose et al. 2010; Hallinan and Lindberg 2011a) . chromEvol version 1.3 (Mayrose et al. 2010) and GDCN (Hallinan and Lindberg 2011a) use explicit likelihood models of evolution to infer ancestral states for chromosome numbers at nodes in phylogenies from rooted ultrametric trees. These analyses offer the ability to test hypotheses for the base number for infrageneric groups and the genus using results from our expanded nuclear and plastid phylogenies. chromEvol v.1.3 and GDCN estimate probabilities of chromosome evolution events at nodes to explore patterns of gains, losses, polyploid doubling, and whole genome duplication (WGD) events within a known phylogeny (Mayrose et al. 2010; Hallinan and Lindberg 2011a) . Saltational speciation has been an important factor in cladogenesis in the California flora; we were interested in identifying any recent genome duplication events within Phacelia phylogenies using a maximum likelihood approach (Stebbins and Major 1965; Raven and Axelrod 1978; Wood et al. 2009; Hallinan and Lindberg 2011a) .
MATERIALS AND METHODS

Chromosome Numbers in Phacelia
We reviewed the literature for published chromosome counts for taxa in Phacelia and outgroups sampled in this study (Table 1) . Taxa are presented alphabetically for outgroups (Euploca Nutt., Eriodictyon Benth., Draperia Torr., Hesperochiron S. Watson, Howellanthus [Constance] Walden & R. Patt., Nama L., Romanzoffia, Tricardia Torr. ex S. Watson) and ingroup taxa within Phacelia. Original names for published counts are noted for synonyms or where different from the current accepted name or specimen determination. Chromosome numbers for haploid (n) or diploid (2n) counts are given as published. We chose not to include references reporting unpublished counts or citing personal communications for these analyses. We note if a voucher specimen was not cited in the notes column of the table. No attempt was made to locate and examine all voucher specimens cited for each published count for this study. References may include one or more counts for an individual taxon, we do not include summary numbers of the individual counts for each reference or a comprehensive list of voucher specimens and karyotype figures. Constance (1963) reported a count for Phacelia pauciflora S. Watson without reference to a voucher specimen. We included this count and corresponding voucher specimen examined at the University of California Herbarium (UC) in Table 1 . Chromosome counts originally published as taxa in Phacelia but corrected or redetermined in later publication were excluded. Citations are listed chronologically within each taxon and a list of full references follows the table. Chromosome counts were not directly obtained from individuals or populations included in the direct sequence analyses for this study. This limitation may obscure cryptic diversity in sampled populations. This list should be considered a working draft of chromosome numbers for Phacelia and Boraginaceae. A future comprehensive review of chromosome counts in Boraginaceae is anticipated as a useful resource for workers in the family (G. K. Walden, unpublished manuscript) .
Taxon Sampling
This study represents a joint publication of thesis work from Garrison (2007) and Walden (2010) . The expanded nuclear partition (176-accession) included 89 taxa (42% genus) and the expanded plastid partition (126-accession) included 90 taxa (43% genus). Sampling within Phacelia for the expanded nuclear (176-accession) and plastid (126-accession) partitions included representatives from all subgenera and sections; the reduced (61-accession) partition lacked a representative from Phacelia sect. Pachyphyllae Walden & R. Patt. For the nuclear partition 48 taxa were sampled from California, 44 taxa sampled from western North America, 5 taxa were sampled from Central America, and one taxon was sampled from South America. For the plastid partition 53 taxa were sampled from California, 37 taxa were sampled from western North America, five taxa were sampled from Central America, and one taxon was sampled from South America. Accessions of Romanzoffia were included to assess the relationship to and monophyly of Phacelia. We included accessions from Hydrophylloideae to briefly assess relationships between Phacelia and exemplar taxa and for purposes of chromosomal evolution. Euploca (Heliotropioideae: Boraginaceae) was included as the diploid outgroup to root the tree.
Field collections of fresh plant material were preserved in silica gel for molecular work and voucher specimens were deposited in the Harry D. Thiers Herbarium at San Francisco State University (SFSU). Additional material was sequenced from banked molecular vouchers with herbarium vouchers received from the William L. 
Gene Regions Sampled
We examined the internal transcribed spacer region (ITS-1, ITS-2, and 5.8S gene) of nuclear ribosomal DNA sequences (nrITS) for the nuclear partition (biparentally inherited character). nrITS is a highly variable and rapidly evolving region, useful for inferring species level relationships (Baldwin et al. 1995; Á lvarez and Wendel 2003) . nrITS is the molecular marker with the largest representative sampling of sequences published to date for the genus. For the plastid partition (maternally inherited character) we examined the single copy gene ndhF. The chloroplast NADH dehydrogenase gene ndhF codes for the F (ND5) subunit; for an expanded discussion of ndhF sequence evolution and phylogenetic utility see Kim and Jansen (1995) . The ndh group of chloroplast genes is highly conserved across major plant taxa and has been used to assess and define infrageneric evolutionary relationships in plant families (Neyland and Urbatsch 1996; Olmstead et al. 2000; Martín and Sabater 2010) . ndhF also has a broad sampling of sequences published for Hydrophylloideae and Solanales (Olmstead and Sweere 1994; Bohs and Olmstead 1997; Ferguson 1998; Moore and Jansen 2006; Taylor 2012) .
DNA Isolation and PCR Amplification
DNA isolation. Total genomic DNA was extracted from 0.020mg dry weight herbarium or silica-dried leaf material following Doyle and Dickson (1987) using Qiagen DNEasy Plant kits (Qiagen, Valencia, CA, USA) and grinding with liquid nitrogen for the homogenization step. For ndhF, the protocol was modified to use homogenization with acid-clean steel ball bearings in lieu of grinding with liquid nitrogen and substitution of NucleoSpin filters (Macherey-Nagel, Dü ren, Germany) for the filtration step.
PCR amplification for nrITS. Total genomic DNA extract was diluted 1:10 in ultra-pure H 2 0 for best amplification in PCR (Mullis et al. 1987 ) for the internal transcribed spacer region (ITS-1, 5.8S, and ITS-2) of nuclear ribosomal DNA (nrITS) with primers ITS-I (F) (Urbatsch et al. 2000) and ITS4 (R) (White et al. 1990) . PCR was conducted with a final reaction volume of 50 mL, containing 24.8 mL ultra-pure H 2 0, 5 mL 103 GOLD buffer (containing 150mM Tris buffer at pH 8.0, 500 mM KCl), 25 mL 25 mM MgCl 2 , 8 mL 10 mM dNTPs, 2.0 mL each of forward and reverse primer at 10mM each, 2.0 mL 100% dimethyl sulfoxide (DMSO), 2.0 mL 1:10 dilution genomic DNA template, and 0.02 mL Gold TAQ polymerase or FastStart TAQ polymerase (Takara Bio Inc., Otsu, Shiga, Japan). PCRs reaction thermo-cycle profile had a 4 min at 94uC initial denaturation step, followed by 35 cycles of 30 sec at 94uC, 45 sec at 59uC, 45 sec 59uC ramping to 72uC at 0.5u increase per second, and terminated at 72uC for 5 min extension, followed by 5 min at 4uC to snap chill.
PCR amplification for ndhF. Total genomic DNA extract was diluted 1:10 in ultra-pure H 2 0 for amplification using overlapping primer sets 1F-1318R and 972F-2110R (Olmstead and Sweere 1994; Ferguson 1998 Ferguson [1999 ). PCR was conducted with a final reaction volume of 15 mL, containing 5.72 mL ultra-pure H 2 0, 1.5 mL 103 Exonuclease Taq DNA polymerase Mg2 + free buffer (ExTaq) (Takara Bio Inc., Otsu, Shiga, Japan), 1.5 mL 25 mM MgCl 2 , 1.2 mL 2.5 mM dNTPs, 1.0 mL each of forward and reverse primer at 10mM, 1.0 mL bovine serum albumin (BSA), 2.0 mL 1:10 dilution genomic DNA template, and 0.08 mL ExTaq. PCRs reaction thermo-cycle profile had a 2 min at 96uC initial denaturation step, followed by 35 cycles of 30 sec at 94uC, 1 min at 61uC, 1 min at 72uC, terminated at 72uC for 5 min extension, followed by 5 min at 4uC to snap chill. This amplification protocol was followed for both sets of ndhF primer pairs.
To verify amplification of nuclear and plastid PCR products a combined total of 3 mL of template PCR product and 1 mL of 6X dye was run on a 1.6% agarose gel (APEX agarose) in 1X TBE buffer at 100 volts, with a standard 100 bp (nrITS) or 1kb (ndhF) ladder to visually size fragments. The gel was stained in an ethidium bromide bath, rinsed in deionized water, and viewed under ultra-violet light. Gel photographs were taken for reference (not shown). Sequence polymorphism in the direct sequenced PCR product was not observed for either nrITS or ndhF accessions.
DNA Sequencing
Cycle sequencing for nrITS. Template DNA from PCR product was purified using MO BIO UltraClean PCR Clean-Up DNA Purification Kit (MO BIO Laboratories, Inc., Solano Beach, CA). Cycle sequencing for nrITS was conducted with ITS4, ITS-I, and internal primers ITS2 and ITS3 (White et al. 1990; Urbatsch et al. 2000) in a final reaction volume of 12 mL, containing 6.45 mL ultra-pure H 2 0, 0.5 mL BigDye (Applied Biosystems, Inc., Foster City, CA, USA), 2.0 mL 53 buffer, 0.75 mL primer, and 2.0 mL template DNA. Reaction parameters were an initial 30 sec at 95uC denaturation step, followed by 25 cycles of 10 sec at 94uC, 30 sec at 59uC, and terminated at 60uC for 4 min.
Cycle sequencing for ndhF. PCR products were cleaned of excess nucleotides (dNTPs) and primers from the amplification reaction using 1 mL ExoSAP-IT (USB Corp., Cleveland, Ohio, USA) per 5 mL template, with an initial 37uC incubation for 30 min for digestion, followed by 80uC for 10 min to inactivate the enzymes. Cycle sequencing for ndhF was conducted with internal primers 1F, 536F, 536R, 972F, 1318F, 1318R, and 2110R in a final reaction volume of 12 mL containing 6.45 mL ultra-pure H 2 0, 0.5 mL BigDye (Applied Biosystems Inc., Foster City, CA, USA), 2.0 mL 53 buffer, 0.75 mL primer, and 2.0 mL template DNA. Reaction parameters were an initial 30 sec at 96uC denaturation step, followed by 25 cycles of 10 sec at 96uC, 30 sec at 60uC, and terminated at 60uC for 4 min extension.
Sequencing for nrITS and ndhF. Cycle sequencing products were precipitated using EDTA/ Sodium acetate in ethanol protocol, and then resuspended in 15 mL Hi-Di Formamide (Applied Biosystems, Inc., Foster City, CA, USA). Products were denatured for 2 min at 95uC, followed by 5 min at 4uC to snap chill. Samples were loaded into a 96 well plate and spun down at low speed (700 rpm for 1 min). Sequencing was conducted using an ABI PRISM 377 Sequencer or ABI PRISM 3100 Sequencer (Applied Biosystems, Inc., Foster City, CA, USA). All molecular work was conducted in the SFSU Department of Biology Conservation Genetics Laboratory (now the SFSU Department of Biology Genomics/ Transcriptomics Analysis Core [GTAC]).
Data Analysis
Nucleotide sequences were edited and assembled using Sequencher 4.8 (Gene Codes Corporation, Inc., Ann Arbor, MI, USA). Base calling was straightforward for both nrITS and ndhF. We used the conditional combination approach to determine if partitions should be analyzed separately or could be combined (Huelsenbeck et al. 1996) . This study joined 124 previously published nrITS sequences from GenBank with 52 new sequences from Garrison (2007) for a total of 176 nrITS sequences (nrITS expanded), and 28 previously published ndhF sequences from GenBank were joined with 98 new sequences from Walden (2010) for a total of 126 ndhF sequences (ndhF expanded). All sequences generated for this study were deposited in GenBank (Appendix 1). Multiple sequences for each molecular marker were aligned in ClustalW2 (Larkin et al. 2007; Goujon et al. 2010 ) using default parameters and indels edited manually in MacClade v.4.8 OSX (Sinauer Associates Inc., Sunderland, Massachusetts, [Maddison and Maddison 2001] ). We identified nrITS and ndhF sequences derived from the same voucher specimen for a reduced subset of 61 accessions. The reduced 61-accession nrITS (nrITS reduced) and ndhF (ndhF reduced) partitions were concatenated in Mesquite v.2.74 for a combined partition following the total evidence approach (nrITS + ndhF 61-accession).
Maximum parsimony. The incongruence length difference test (ILD, as the partition homogeneity test) was implemented in PAUP* v.4.0b10 (Swofford 2002) to detect conflicting signal and assess combinability in the nrITS + ndhF 61-accession concatenated subset, uninformative characters excluded, using 1000 replicates, 100 random addition sequence replicates, multrees 5 1, and MAXTREES increased by 100 to a limit of 10,000.
nrITS (expanded, reduced) and ndhF (expanded, reduced) individual partitions and the combined nrITS + ndhF 61-accession partition were analyzed using the maximum parsimony criterion (MP) in PAUP* v.4.0b10. MP phylogeny reconstruction was performed using a heuristic search of 1000 random addition sequence replicates with tree-bisection-reconnection (TBR) branch swapping algorithm, ACCTRAN, all characters unordered and weighted equally, gaps treated as missing data, MAXTREES increased by 100 to a limit of 100,000, and nchuck 5 100. Nonparametric bootstrap analyses were performed using the starting strict consensus tree obtained via stepwise addition, using a heuristic search, including 100 random addition sequence replicates with 1000 bootstrap replicates (Felsenstein 1985) .
Model selection. jModeltest version 0.1.1 with PHYML was used to test 88 models of evolution for best fit for the nuclear and plastid partitions (Posada and Crandall 1998; Guindon and Gascuel 2003; Posada and Buckley 2004; Posada 2008) . Calculations using the Akaike information criterion (AIC) and hierarchical likelihood ratio tests (hLRTs) via jModeltest selected GTR + G (General Time Reversible model of nucleotide substitution with the gamma [C] model of rate heterogeneity) as the best-fit model of evolution for the nuclear (expanded, reduced), plastid (expanded, reduced), and combined nrITS + ndhF 61-accession partitions (-lnL score: nrITS expanded 8933.5854, nrITS reduced 5998.5051, ndhF expanded 10029.4265, ndhF reduced 7996.9681, nrITS + ndhF 14590.1426).
Maximum likelihood. File formats were converted through the CIPRES portal (Miller et al. 2010) with NCLconverter version 2.1 (Lewis and Holder 2008 ) to a relaxed PHYLIP format for RAxML-HPC2 version 7.4.4 analysis on XSEDE (Extreme Science and Engineering Discovery Environment). The model of evolution for the nuclear (expanded, reduced), plastid (expanded, reduced), and combined nrITS + ndhF 61-accession partitions was GTRGAMMA for the entire analysis, with 5000 rapid bootstrap replicates and best tree search, and gaps and undetermined values treated as missing data (Stamatakis 2006 , Stamatakis et al. 2008 ). The combined analysis was partitioned by gene and unlinked in analysis (Brown and Lemmon 2007).
Bayesian analysis. Analyses were initiated in MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) using XSEDE through the CIPRES portal (Miller et al. 2010) using default priors, random starting trees, four independent runs, number of generations for the nrITS expanded partition was 20,00,000, all other partitions the number of generations were 10,000,000, using four chains (three hot and one cold) sampled every 1000 generations (total samples per run: nrITS expanded 20,001, all other partitions 10,001), with the general time reversible model with gamma-distributed rate variation across sites (GTR + G). The average standard deviation of split frequencies from each run was less than 0.01 at the end of the four runs (nrITS expanded 0.008313, nrITS reduced 0.006756, ndhF expanded 0.003820, ndhF reduced 0.001946, nrITS + ndhF 0.001142), and PSRF (Potential Scale Reduction Factor) approached one for the 95% credibility interval for the expanded partitions and equaled one for the reduced and combined partitions (Gelman and Rubin 1992) . The number of trees required to reach stationarity was determined using Tracer v.1.5 (Rambaut and Drummond 2009). Convergence of posterior probabilities of split frequencies of runs was assessed in AWTY (Are We There Yet?) using the between run compare diagnostic function; graphical plots did not reject convergence (p near one for burn-in at 10%) (Wilgenbusch et al. 2004; Nylander et al. 2008) . Burn-in samples (nrITS expanded 5000; all other partitions 2500) were discarded (samples included for analysis from each run: nrITS expanded 15,001, all other partitions 7501), and runs were combined with posterior probabilities of nodes $95% strongly supported.
Maximum likelihood ancestral chromosome number evolution analysis in chromEvol version 1.3. Sampled taxa were coded with haploid chromosome counts for analysis in chromEvol version 1.3 using the ML RAxML best tree from the expanded nuclear, expanded plastid, and combined nrITS + ndhF analyses (Mayrose et al. 2010; Mayrose 2012) . Diploid counts were divided by two and input as haploid if these were the only published counts available for a taxon (see Table 1 for the coding schema). Taxa without published chromosome counts were coded ''X'' and treated as a gap in the ML analysis. Polymorphic chromosome counts or taxa circumscribed as polyploid were both coded as polymorphic (e.g., 11_22). It was necessary to assign the root to the outgroup (Euploca) manually in the control file after an initial analysis to locate the appropriate node number using FigTree 1.3.1 (Rambaut 2009), and then rerun chromEvol v.1.3 analyses (Mayrose et al. 2010) . All eight models were included as there was no a priori reason to exclude one or more of them.
Accession JQ250033 is a collection from Chile received as a molecular voucher from MO and is likely Phacelia artemisioides Griseb. (identified in Appendix 1 as P. aff. artemisioides). The voucher specimen was not examined for this study. All published chromosome counts for taxa from South America are n 5 11 (Covas and Schnack 1947; Cave and Constance 1959) . Alternative coding and analysis in chromEvol v.1.3 using a missing count (X) for this accession inferred n 5 11 as the ancestral condition at the node and did not change the best model chosen by AIC (alternate analyses not shown in results section).
Maximum likelihood whole genome duplication event analysis in GDCN. The ML RaXML best tree was imported into Mesquite v.2.74 and chromosome counts for sampled taxa were coded as continuous characters for analysis in GDCN as specified in the manual (Hallinan and Lindberg 2011a, b) . Samples without published chromosome counts at sampled taxonomic rank (coded ''X'' in chromEvol v.1.3 analyses) were recoded as required in GDCN (see Table 1 for coding schema). Taxa lacking chromosome counts were coded with published counts of the variety or species (e.g., P. insularis Munz var. continentis J. T. Howell, n 5 10 [ Cave and Constance 1947] was coded for P. insularis var. insularis). Polymorphic chromosome counts coded in chromEvol were recoded with a single state in GDCN to match sampled population locations in this study and corresponding voucher specimen localities for published chromosome counts. Where sampled populations and chromosome counts overlapped in geographic distribution the more common count was used (measured by number of published vouchers). If chromosome counts differed in number the count with a cited voucher specimen was chosen. For taxa where no chromosome count was available, the inferred chromosome number from chromEvol v.1.3 analyses was used for an ''informed'' coding (Cusimano et al. 2012) . WGD events were allowed (wgd 5 sto), chromosome duplications (l in GDCN) and losses (m in GDCN) were equal (muset 5 lam), and the chromosome number for the root was determined by ML for each analysis (rootfit 5 ml). chromEvol v.1.3 and GDCN use slightly different ways to symbolically represent and discuss gains, losses, and doubling chromosome events within lineages. The rate of chromosome gains is symbolized by d in chromEvol v.1.3 and the rate of chromosome duplication is symbolized by l in GDCN. The rate of chromosome loss is symbolized by l in chromEvol v.1.3 and by m in GDCN. The rate of demipolyploidization is symbolized by m in chromEvol v.1.3 and polyploidization is symbolized by r in chromEvol. In GDCN the rate of whole genome duplication is symbolized by d. We refer to the textual interpretation of the symbols used by each analysis and parenthetically indicate the symbol and corresponding analysis throughout this paper.
RESULTS
Phylogenetic Analyses
Partition homogeneity test results for the combined nrITS + ndhF 61-accession subset rejected the null hypothesis (P 5 0.001), indicating the nuclear and plastid partitions were significantly heterogeneous and should not be combined.
Separate analyses. Separate analyses for the expanded and reduced partitions (nuclear, plastid) resulted in similar tree topologies for each respective molecular marker. For this reason we show results for the expanded individual partitions only (nrITS expanded 176-accession Fig. 1 , ndhF expanded 126-accession Fig. 2) .
The following groups (corresponding to the infrageneric classification of Walden and Patterson [2012] Incongruence occurred between the nuclear and plastid topologies for placement of Draperia relative to Tricardia + Hesperochiron (+ Howellanthus sampled in the ndhF expanded partition), placement of Romanzoffia and ''core'' Phacelia subg. Pulchellae, and placement of Phacelia sect. Baretiana Walden & R. Patt. (nested within Phacelia sect. Glandulosae in the nuclear partition). Phacelia subg. Phacelia was not supported as monophyletic in the nuclear partition due to recovery of a paraphyletic Phacelia sect. Whitlavia. Phacelia subsect. Phacelia and Phacelia subsect. Humiles Walden & R. Patt. were not supported as monophyletic in the nuclear partition due to placement of P. breweri A. Gray sister to P. californica Cham. Phacelia was not supported as monophyletic in the plastid partition (''core'' Phacelia subg. Pulchellae sister to Romanzoffia and remaining sampled Phacelia). nrITS expanded partition. The expanded nrITS partition included 176 sequences and contained 1973 total characters. 1612 (81.70%) characters were constant and 111 (5.62%) variable characters were parsimony uninformative. The total number of parsimony informative characters was 250 (12.67%). nrITS sequences identical to each other are as follows: FJ814643 to FJ814644, AY630311 to AY630312, FJ814633 to FJ814632 to FJ814634, FJ814651 to FJ814652. Identical nrITS sequences, and ndhF sequences derived from the same genomics, are indicated in Appendix 1. The total number of MP trees was 4400, with the best MP tree score 5 1445. The phylogram of the 0.5 majority rule consensus tree with MP bootstrap values, ML bootstrap values, and BI posterior probabilities is shown in Figure 1 . AY630269 (cited as P. bicolor Torr. ex S. Watson in Gilbert et al. [2005] ) was recovered sister to FJ814624 (cited as P. fremontii Torr. in Hansen et al. [2009] ). The voucher specimen for FJ814624 is the blue-throated form of P. fremontii, corresponding to some of the characters described in the protologue for P. brannanii Kellogg, especially ''lobes rounded, bright blue'' (Kellogg 1877) . The voucher specimen for AY630269 has faded corollas. These accessions are identified as P. aff. brannanii in Appendix 1 and Figure 1 . The name Phacelia brannanii is currently placed in synonymy with P. fremontii and the type specimen has not been located (CAS?). The type was collected ''near Fresno'' and was probably collected from populations in P. fremontii in the San Joaquin Valley, Transverse Ranges, and Tehachapi Mountains to determine range, characters, and relationships. Our results indicate that, at least for P. fremontii, there is need to reconsider the need for reconsideration of the names currently placed in synonymy with P. fremontii and possible recognition of P. brannanii as a variety. Taxonomic changes must be addressed in a future paper, pending determination of type material.
Phacelia scariosa is a ''problematic taxon'' included in these analyses (Ferguson 1998 Phacelia crenulata var. angustifolia should be treated outside of Phacelia crenulata, although no name is currently available. However, there is not adequate support at this time to propose taxonomic segregation due to incongruent nuclear and plastid partitions, lack of corresponding plastid sequences for Phacelia crenulata var. angustifolia, and the need for adequate sampling throughout the described varieties of Phacelia crenulata.
Species and varietal segregations in Phacelia have been made based on morphology and distribution. Some of these segregations are in need of revision. For example, Phacelia distans sensu lato is paraphyletic and requires revision. A group of five accessions included plants corresponding to four names currently placed in synonymy. A clade of two accessions (JX2333454, JX233455) included plants sampled from Arizona that correspond to the expanded circumscription of Phacelia distans var. australis Brand (1913) . The type for that name is from the ''Greenhorn Range'' of California (UC63348!) and additional sampling is needed to determine relationships for the original and expanded circumscriptions for this taxon and relationship with P. gentryi Constance (Brand 1913; Constance 1948) . ndhF expanded partition. The ndhF dataset of 126 sequences contained 2547 total characters. 1956 (76.79%) characters were constant and 233 (9.14%) variable characters were parsimony uninformative. The total number of parsimony informative characters was 358 (14.05%). Best MP tree length was 1033. The phylogram of the 0.5 majority rule consensus tree with MP bootstrap values, ML bootstrap values, and BI posterior probabilities is shown in Figure 2 .
Phacelia subg. Pulchellae is not monophyletic as currently circumscribed. Paraphyletic Phacelia subg. Pulchellae consists of a ''core'' group sister to Romanzoffia and remaining sampled Phacelia, and a group consisting of Phacelia cookei, P. keckii, and P. suaveolens sister to Phacelia subg. Phacelia. Phacelia cookei, P. keckii, and P. suaveolens were not sampled for nrITS sequences (Appendix 1) and could not be examined with a separate nuclear or combined analysis. This result would argue for a refined circumscription of ''core'' Phacelia subg. Pulchellae excluding P. cookei, P. suaveolens, and P. keckii. These taxa should be placed in an unresolved group with low support within Phacelia subg. Phacelia and the focus of future studies.
Two accessions identified as P. patuliflora A. Gray in GenBank were placed in separate clades. Accession AF047781 was supported in every analysis (MP, ML, BI) within Phacelia sect. Cosmantha and sister to AF047777 P. hirsuta Nutt., results accordant with Ferguson (1998 Ferguson ( [1999 ), while accession AF130179 (Olmstead et al. 2000) was supported in every analysis (MP, ML, BI) within Phacelia sect. Glandulosae. The voucher specimen of AF047781 (2089 bp) was received by loan and identification confirmed, but the AF130179 (2223 bp) voucher specimen was not examined for this study. Placement of AF130179 within Phacelia sect. Glandulosae could be attributed to branch length attraction as the two sequences differ by some 200 base pairs, misidentification of source material, sequencing error, lineage sorting, or the paucity of representative accessions from Phacelia sect. Cosmantha (see chromosome evolution results section for additional discussion).
Combined analysis. Acknowledging that combining the nuclear and plastid partitions was statistically inappropriate (as determined by ILD test result) and that the separate analyses corroborated incongruence between topologies reported in previous studies, we include results of the combined nrITS + ndhF 61-accession analyses (Fig. 3) in a departure from the conditional combination approach in favor of the total evidence approach. The combined nrITS + ndhF analyses supported a monophyletic Phacelia (Romanzoffia sister to Phacelia). Phacelia consists of a basal lineage of Phacelia subg. Pulchellae sister to Phacelia subg. Microgenetes, which is sister to Phacelia subg. Phacelia. Phacelia sect. Euglypta and Phacelia sect. Miltitzia are not monophyletic (sections not labeled in figure) within Phacelia subg. Microgenetes and require taxonomic reconsideration. Phacelia sect. Eutoca is sister to Phacelia sect. Cosmantha, and these form the basal group in Phacelia subg. Phacelia. Phacelia sect. Baretiana is sister to the group consisting of Phacelia sect. Phacelia, Phacelia sect. Gymnobytha, and (a monophyletic) Phacelia sect. Whitlavia. Phacelia sect. Glandulosae is sister to Phacelia sect. Ramosissimae.
Combined nrITS + ndhF 61-accession partition. The nrITS + ndhF dataset of 61 sequences contained 4520 total characters. 3711 (82.10%) characters were constant and 310 (6.85%) variable characters were parsimony uninformative. The total number of parsimony informative characters was 499 (11.03%). The total number of MP trees was 36, with the best MP tree score 5 1772. The phylogram of the 0.5 majority rule consensus tree with MP bootstrap values, ML bootstrap values, and BI posterior probabilities is shown in Figure 3 . Atwood (1975) proposed six complexes within Phacelia sect. Glandulosae. The separate nuclear and plastid partitions do not support these complexes and the combined 61-accession partition does not include adequate representation to address the circumscription of the complexes.
Chromosome Evolution
Results from chromEvol v.1.3 and GDCN analyses for the nrITS expanded partition are shown in Figure 4 , for the ndhF expanded partition in Figure 5 , and for the nrITS + ndhF 61-accession partition in Figure 6 . The best supported chromEvol v.1.3 model for the expanded partitions was M1 and for the combined partitions the best supported model was M2 (see figure captions for details). The results of chromEvol v.1.3 and GDCN analyses for the inferred base number and genome doubling events are dependent on sampling and input tree topology. This study is limited in ability to resolve patterns of chromosomal evolution within infrageneric groups because there is a lack of multiple accessions for every taxon sampled across the range of documented diversity. The predicted base number for the genus was x 5 9, x 5 11, or x 5 12. The predicted base number for Phacelia excluding ''core'' Phacelia subg. Pulchellae (and excluding Romanzoffia for the ndhF expanded partition) was x 5 11 or x 5 12.
Phacelia subg. Pulchellae contains descending dysploidy (n 5 10, 11, 12) and annual polyploid taxa (n 5 22, 24, not sampled). The predicted base number for ''core'' Phacelia subg. Pulchellae was x 5 11 or x 5 12. There is ascending and descending dysploidy within Phacelia subg. Microgenetes (n 5 11, 12, 13) and annual polyploid taxa (n 5 23), discussed previously in Constance (1963) , Heckard (1963) , and Gilbert et al. (2005) . The predicted base number for Phacelia subg. Microgenetes was x 5 11 or x 5 12. Phacelia sect. Pachyphyllae (n 5 11) predicted base number was x 5 11. The predicted base number for the paraphyletic Phacelia sect. Euglypta and Phacelia sect. Miltitzia (Phacelia subg. Microgenetes excluding Phacelia sect. Pachyphyllae) was x 5 12. Cytological characters will be helpful in a future revision of Phacelia sect. Euglypta and Phacelia sect. Miltitzia.
There is descending dysploidy within Phacelia sect. Cosmantha (n 5 5, 6, 8, 9) and annual polyploid taxa (n 5 14, not sampled). Sampling throughout this group is extremely limited for the nuclear and plastid partitions. The predicted base number for Phacelia sect. Cosmantha was x 5 9 as hypothesized by Constance (1949) . The predicted base number for Phacelia sect. Eutoca, Phacelia sect. Baretiana, Phacelia sect. Gymnobytha, and Phacelia sect. Whitlavia was x 5 11. Phacelia sect. Phacelia includes the annual Phacelia subsect. Humiles (not labeled in figures) with ascending and descending dysploidy (n 5 7, 8, 9, 10, 11) and the perennial polyploid complex Phacelia subsect. Phacelia (n 5 11, 22, 33) . The predicted base number for Phacelia sect. Phacelia was x 5 11.
There is descending dysploidy within Phacelia sect. Ramosissimae (n 5 10, 11), although accessions of P. suffrutescens Parry (n 5 10) were not included in analysis. The predicted base number for Phacelia sect. Ramosissimae was x 5 11. There is ascending dysploidy in Phacelia sect. Glandulosae (n 5 11, 12) and a putative annual polyploid taxon (AF130179). Our review of published chromosome counts for sampled taxa indicates wider variation than has previously has been noted for Phacelia sect. Glandulosae (e.g., Phacelia congesta, Phacelia crenulata var. crenulata) (Atwood 1975; Walden and Patterson 2012) . These counts may represent infraspecific cytotypes that should be the focus of future studies of cryptic diversity in the section. The predicted base number for Phacelia sect. Glandulosae was x 5 11. Coding of AF130179 P. patuliflora with the published count of n 5 9 for the taxon or with X did not change the inferred ancestral state of the nearest ancestral node (n 5 11) in chromEvol v.1.3 analysis (alternate analyses not shown in results section, see phylogenetic analysis results section for discussion regarding this accession). A loss event was inferred along the branch with coding of n 5 9 (expectation 1.89974). It is possible that, due to our coding schema, we did r (total number of events 21.5156), for polyploidization (r in chromEvol) are indicated with fl (total number of events 4.24671). A whole genome duplication (WGD) event supported at $95% posterior probability in GDCN analysis is indicated with o at nodes and branches (symbol shown at tip for WGD event along branch). Results from chromEvol v.1.3 and GDCN infer polyploidization and whole genome duplication events occurring within Phacelia, although this is dependent upon sampling, coding of the chromosome counts at tips, choice of provided tree topology, and AIC selection of the best model. All analyses identified a polyploidization event (for chromEvol v.1.3) and a whole genome duplication (WGD) event (for GDCN) for Eriodictyon and Phacelia ivesiana var. pediculoides. The plastid expanded analyses identified five WGD events (for GDCN) in Phacelia subsect Phacelia and the combined nrITS + ndhF 61-accession analyses identified one polyploidization event (for chromEvol v.1.3) and three WGD events (for GDCN). Tentatively, P. humilis (n 5 11) appears to be the diploid ancestor for the perennial polyploid complex and P. breweri (n 5 11) is the diploid ancestor for P. californica (n 5 22). Future research requires sampling throughout Phacelia sect. Phacelia (North and South American members) and consideration of Heckard's hypotheses of ploidy intergradations in the complex (Fig. 7 in Heckard [1960] ).
DISCUSSION Phylogenetic Relationships
This project sampled throughout Phacelia using the internal transcribed spacer region (ITS-1, ITS-2, and 5.8S gene) of nuclear ribosomal DNA (nrITS) and the chloroplast DNA gene (ndhF) to infer expanded phylogenies for the nuclear and plastid partitions. An objective of this study was to determine if additional sampling within the genus for each nuclear and plastid molecular marker would recover similar topologies as in previous analyses. We recovered similar nrITS topologies and support values for this study as in Gilbert et al. (2005) and as in Hansen et al. (2009) (Fig. 2 in Gilbert et al. [2005] , Fig. 2 in Hansen et al. [2009] ). We recovered similar ndhF topologies and MP support values for this study as in Ferguson (1998) (Fig. 3 in Ferguson [1998 Ferguson [ (1999 ]), and note that we show only the MP support values in Figure 2 (MP tree not shown). The nuclear partition resulted in weaker support for deeper nodes along the backbone of trees when compared with the plastid partition. Overall, MP analyses for both the nuclear and plastid partitions (expanded, reduced) resulted in weaker support for deeper nodes along the backbone of trees and these were collapsed as polytomies and reported in the figure with a dagger or with an asterisk indicating low support.
Within group relationships were well supported for both nuclear and plastid partitions in separate analyses, except for Phacelia sect. Glandulosae and for Phacelia subsect. Phacelia. nrITS and ndhF were minimally variable for resolving relationships in these sections and indicate recent adaptive radiations in these sections. There was better resolution within groups where taxa were represented by multiple accessions rather than singletons. This sort of intensive sampling was balanced by practical concerns. Phacelia sect. Glandulosae includes taxa of conservation concern, some represented by extremely limited populations and few herbarium collections, including two federally endangered taxa (P. argillacea N. D. Atwood (Turner 2011) . It is unfortunate that this study is inadequate to provide much needed answers regarding evolutionary relationships for these taxa, but indicates that an explicit sampling regime is required for future systematic studies.
Phylogenetic incongruence between plastid and nuclear partitions was previously noted in molecular studies in Phacelia (Ferguson 1998 (Ferguson , 1998 (Ferguson [1999 ; Gilbert et al. 2005; Hansen et al. 2009 ). The nuclear and plastid partitions were significantly incongruent in our analyses. We corroborate incongruence between nuclear and plastid topologies for placement of some groups (e.g., Draperia, Romanzoffia and ''core'' Phacelia subg. Pulchellae, Phacelia sect. Baretiana). Longbranch attraction may be a factor in the incongruent results at the base of the tree for Draperia, Romanzoffia, and Phacelia, although this remains to be exhaustively tested (Bergsten 2005) . The low support for groups for the nuclear partition may partially account for incongruence between the topologies. Different sampling between nuclear and plastid partitions could partially account for incongruent topologies in the expanded analyses. For example, the expanded nuclear topology recovered a paraphyletic Phacelia subsect. Humiles (P. breweri sister to P. californica within Phacelia subsect. Phacelia). Phacelia breweri was not sampled for ndhF. However, incongruence between the nuclear r fi (total number of events 36.2782), for polyploidization (r in chromEvol) are indicated with fl (total number of events 2.42607). A whole genome duplication (WGD) event supported at $95% posterior probability in GDCN analysis is indicated with o at nodes and branches (symbol shown at tip for WGD event along branch). (total number of events 1.23939). A whole genome duplication (WGD) event supported at $95% posterior probability in GDCN analysis is indicated with o at branches (symbol shown at tip for WGD event along branch).
( Fig. 1 ) and the plastid (Fig. 2) topologies remained for the 61-accession partitions in separate analyses (results not shown), indicating that sampling of representatives using sequences from different specimens was not contributing to the incongruence between partitions.
Incongruent topologies between the separate nuclear partition (expanded, reduced) separate and plastid partition (expanded, reduced) indicated that simultaneous analyses of the combined nrITS + ndhF 61-accession partition would be statistically inappropriate but potentially beneficial (Nixon and Carpenter 2005) . Combined analyses resulted in better resolution than separate analyses, and in a topology that favored the separate plastid topologies (expanded, reduced). Where nuclear and plastid topologies were congruent in separate analyses, the combined nrITS + ndhF 61-accession topology was also congruent and internal nodes were recovered with support. Our results support combining incongruent partitions in a combined analysis to seek support for internal nodes.
Previous molecular phylogenetic studies in Hydrophylloideae have identified significant phylogenetic incongruence between nuclear and plastid partitions (Ferguson 1998; Hansen et al. 2009; Taylor 2012) . Studies in Cordioideae (Weeks et al. 2010) , Ehretioideae (Smith 2003; Moore and Jansen 2006) , and broad sampling across Boraginaceae that included ''problematic'' subfamilies (Ferguson 1998 (Ferguson [1999 ; Nazaire and Hufford 2012) have also identified significant phylogenetic incongruence between nuclear and plastid partitions. Broad sampling across Boraginaceae with limited sampling from Cordioideae, Hydrophylloideae, and Ehretioideae and excluding ''problematic'' taxa found nuclear and plastid partitions to be congruent (Cohen 2013) . Studies focusing on Boraginoideae (Winkworth et al. 2002; Hilger et al. 2004; Hasenstab-Lehman and Simpson 2012) and Heliotropioideae (Luebert and Wen 2008) have found the nuclear and plastid partitions to be congruent for those subfamilies. It is clear that a comprehensive examination of these ''problematic'' but interesting lineages within the larger context of Boraginaceae is needed. Particularly necessary is a comparative, statistical examination of partition homogeneity, incomplete lineage sorting, and analysis of hidden support within datasets of Boraginaceae (Huelsenbeck and Bull 1996; Gatesy et al. 1999; Leigh et al. 2008; Sarkar et al. 2008; Simon et al. 2009 ).
Chromosome Evolution
Maximum likelihood analyses were used to infer ancestral chromosome numbers and identify gains, losses, polyploid doubling, and whole genome duplication events from published chromosome counts assembled from the literature for sampled taxa. Results of analyses from chromEvol v.1.3 and GDCN are dependent on sampling and known tree topology (Mayrose et al. 2010; Hallinan and Lindberg 2011a ). Our results demonstrate the utility of using both chromEvol v.1.3 and GDCN in combination to identify patterns of chromosome evolution in Phacelia. Constance (1963) , Heckard (1963) , and Gillett (1968) hypothesized that n 5 11 was the ancestral condition for the genus and noted it was also the most common haploid count for extant taxa. Results for the separate nuclear, separate plastid, or combined dataset did not provide a consensus. The predicted base number for the genus was x 5 9, x 5 11, or x 5 12. Total evidence approaches may provide better-resolved phylogenies for Phacelia and Hydrophylloideae, offering resolution of inferred ancestral states for chromosome evolution, especially those that are shown as equivocal in areas of the tree with lower sampling.
CONCLUSIONS
This study contributes to our understanding of the evolutionary relationships of Phacelia, an entirely New World genus with a center of diversity in California. We investigated chromosome evolution in an explicit molecular context using maximum likelihood models of evolution. Phacelia is an excellent group to study chromosome evolution, as it is a large genus representative of the California flora with a range of chromosome counts (Stebbins 1942; Stebbins and Major 1965; Stebbins 1971) . Our study identifies patterns of gains, losses, and polyploid doubling events in lineages that likely contributed to the overall diversity in Phacelia and the California flora. Although an extensive dataset of chromosome counts exists for the genus and the subfamily, approximately a third of the genus (ca. 70 taxa) lack published chromosome counts.
Expanded sampling for each respective marker (nuclear nrITS and plastid ndhF) and phylogenetic analyses (maximum parsimony, maximum likelihood, and Bayesian inference) recovered similar topologies for separate and combined analyses as previous studies. The combined nrITS + ndhF analyses supported Romanzoffia sister to a monophyletic Phacelia. Our results support combining incongruent partitions in a combined analysis to seek support for internal nodes. Results indicated recent adaptive radiations in Phacelia sect. Glandulosae and Phacelia sect. Phacelia. Future work is needed to understand and compare the rate of molecular and morphological evolution in the genus.
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